The design of large-scale complex engineered systems (LaCES) such as aircraft is inherently interdisciplinary where multiple engineering disciplines, drawing from a team of hundreds to thousands of engineers and scientists, are woven together throughout the research, development, and systems engineering processes to realize one system. Though research and development (R&D) is typically focused in single disciplines, the interdependencies involved in LaCES require interdisciplinary R&D efforts. This study investigates the interdisciplinary interactions that take place during the R&D and early conceptual design phases in the design of LaCES. Our theoretical framework is informed by both engineering practices and social science research on complex organizations. This paper provides a preliminary perspective on some of the organizational influences on interdisciplinary interactions based on organization theory (specifically sensemaking), data from a survey of LaCES experts, and the authors' experience in research and design. The analysis reveals couplings between the engineered system and the organization that creates it. Survey respondents noted the importance of interdisciplinary interactions and their significant benefit to the engineered system, such as innovation and problem mitigation. Substantial obstacles to interdisciplinarity are uncovered beyond engineering that include communication and organizational challenges. Addressing these challenges may ultimately foster greater efficiencies in the design and development of LaCES and improved system performance by assisting with the collective integration of interdependent knowledge bases early in the R&D effort. This research suggests that organizational and human dynamics heavily influence and even constrain the engineering effort for large-scale complex systems.
I. Introduction
Large-Scale Complex Engineered Systems (LaCES) represent a unique genre of engineered systems that are core to the fabric of most industrialized nations for infrastructure and defense needs. LaCES (shown in Figure 2 ) include aerospace (e.g., aircraft, space systems), large maritime (e.g., submarines, aircraft carriers), nuclear (e.g., power plants), and major civil infrastructure systems (e.g., water supply systems, electric power grids, offshore oilrigs, and air and ground transportation systems). These engineered systems are unique in their blend of extremes in size, risk, and organizations. High technical and financial risk levels are common, with systems costing in the tens of millions to billions of dollars. The nature of LaCES makes it often too difficult, risky, expensive, or impossible to use conventional trial-and-error engineering methods and, often, the final "prototype" is the first and only complete system trial.
The organizations involved in LaCES development are similarly extensive. They typically include one or more government agencies, as well as a diverse array of universities and small and large contractors, each with their own sub-contractors. For example, the development of the Next Generation Air Transportation System in the U.S. is and what this theory may tell us about interdisciplinary interactions in LaCES. These interactions are typically considered during the latter stages of development once a system concept has taken form and the relevant disciplines engage to shape the design. The current work seeks to improve knowledge about interdisciplinary practices focusing on the research and development (R&D) processes from basic research to early conceptual design. R&D precedes and overlaps with early design efforts; therefore interdisciplinary interactions during early system design are also included. We use the term R&D to encompass this entire range of activities. Though the extensive workforce for R&D represents a diversity of disciplines and may be geographically dispersed, the workforce remains intangibly and inherently connected by their efforts toward the ultimate system. Some of the research questions posed include: What is our current understanding about this system-level connection and the interdisciplinary interactions that shape it? How are the connections made in the large R&D organizations of LaCES? What is needed to foster these interactions beyond what is currently being exercised in MDO methods?
Figure 1 Examples of Large-Scale Complex Engineered Systems
Our motivation to explore the interconnectivity of existing R&D organizations is to better understand how to harness the collective wisdom of the large-scale human system that holds the engineering blueprints of future LaCES that will continue to be a critical part of civilian and military infrastructure. Future LaCES will be required to address the rapidly growing and multifaceted challenges of risk, schedule, budget, workforce, exceptional and resilient engineering performance, as well as much greater efficiency during design and development efforts.
This paper provides a preliminary perspective on some of the organizational influences on interdisciplinary interactions in R&D based on an empirical study, organizational theory, and the collective experience of the authors in aerospace engineering R&D, MDO, psychology, and design science. This study is an initial examination as part of a broader research effort on interdisciplinarity in the science of designing LaCES. In the next sections, a description of the theoretical framework and research methodology is provided, followed by preliminary analysis and findings. We conclude with potential recommendations and future research plans.
II. Perspective and Method
One goal of the current work is to gain a more holistic representation of the interdisciplinary interactions in a research, development, and design setting for extremely large engineered systems. This is achieved by viewing the problem from an interdisciplinary perspective informed by engineering practice as well as social science. Both engineering needs and human behavior, as well as other influences, may shape how interdisciplinary interactions are accomplished. It is possible that the interactions of the teams of people researching and developing LaCES may be reflected within the engineered system. If so, it is important to understand how R&D teams work on LaCES, and how they can be organized to lead to the best system outcomes.
For the purposes of the present discussion, the following definitions for system relations will be used:
• Cross-disciplinary: All types of interactions between disciplines;
• Multidisciplinary: The non-integrative combination of disciplines, where each discipline preserves its methodologies and assumptions without significant modification from other disciplines; • Interdisciplinary: Fusing and integrating several disciplines, where each discipline's methodologies or assumptions are interdependent on other disciplines. Multidisciplinary is distinguished from interdisciplinary to account for the relationship between the disciplines. In a multidisciplinary scenario, the relationship between disciplines "may be mutual and cumulative but not interactive" (Augsburg 2005: 56) . In an interdisciplinary relationship, the practices and conventions of each discipline are interactively blended. While multidisciplinary approaches are common today (for example, in MDO), the present study seeks to address the organizational challenges and opportunities for enabling improved interdisciplinary approaches for better system design. In many cases, interdisciplinary approaches do not replace multidisciplinary approaches, but may augment them.
A comprehensive literature review of the many fields of study that are related to the current work is beyond the scope of this paper. Instead, principal areas of literature are reviewed briefly using exemplar literature as references. In the field of engineering, this investigation draws upon research on complex engineered systems including MDO, decision analysis, and systems engineering. In organization science, this work draws on research in sensemaking, highreliability management, positive organizational scholarship (POS), and social network analysis.
Together, these different disciplines informed the creation of the integrative theoretical framework adopted in this research (depicted in Figure 2 ). This research seeks to synthesize the combined influence of the processes (e.g., MDO) with the people involved (e.g., large distributed workforce), and with the product under development (e.g., aircraft). To ensure this framework is realistic and sensitive to context, an analysis of the unique characteristics of the problem domain (LaCES) was conducted with particular attention to risk levels, existing processes, size or impact of the dispersed organization, and the inherent interdisciplinarity of the engineered system.
A. An Organizational Perspective
An organizational theory, called "sensemaking," 18 will be used to provide an organizational perspective on some of the challenges and opportunities of interdisciplinary interactions during LaCES R&D. This theory delves into the "micro group levels of analysis" that helps to identify some of the intricate cognitive and social processes required for high organizational performance. 19 A few facets of sensemaking theory are highlighted below to illuminate some of the organizational aspects of interdisciplinary interactions in LaCES R&D.
As noted by Weick, Sutcliffe, and Obstfeld, "To examine sensemaking is to take a closer look at the context within which decision-making occurs." 20 Whereas decision making is about strategic rationality (to determine what to do next), sensemaking is about contextual rationality (to make sense of what is happening). 21 In addition, Pye suggests that an analysis of sensemaking may be "more important than that of leadership because it is more inclusive and draws in other crucial elements of everyday life in organizations which are overlooked by much of the leadership literature." 22 Sensemaking highlights the influence of identity and social context in organizations. For example, in interdisciplinary interactions, identity may become less clear. A LaCES researcher may ask: Who am I in this "between departments" world? Social context is also ambiguous and perhaps intimidating during interdiscipline R&D where employees are not certain how to be credible with, or even respected by, unfamiliar departments.
The theory of sensemaking also distinguishes two information-processing scenarios in organizations: uncertainty and ambiguity. Just as uncertainty has been a common focus in MDO research in engineering for several decades, psychologists and organization theorists have studied uncertainty in the social sciences since the mid-20 th century. 23 The two perspectives on uncertainty resonate. In organization theory, the definition of uncertainty is the absence of information, where one seeks answers to explicit questions. 23 In engineering, uncertainty similarly deals with lack of knowledge and the often unpredictable difference between what data is available and what is needed to confirm predictions. In engineering, statistics and probability may be used to help reduce uncertainty. Ambiguity (or equivocality), on the other hand, is primarily discussed in organizational theory research and deals with a lack of understanding or confusion that is common in organizations where "participants are not certain about what questions to ask, and if questions are posed, the situation is ill-defined to the point where a clear answer will not be forthcoming (March and Olson 1976)." 23 High levels of both uncertainty and ambiguity exist in conducting research, development and early design of LaCES, and the inherent interdependence (and hence interdisciplinarity) between disciplines places further challenges on information processing needs. For example, during interdisciplinary interactions, the amount of information one receives greatly increases, however, there are both "multiple and conflicting interpretations" 23 of this information that create confusion and a lack of clarity. One example of this is multiple disciplines using the same words to define different concepts and, the same parameter may have very different levels of importance in each discipline. Whereas additional, specific data helps to address uncertainty, problems and priorities need to be defined help to address ambiguity. Figure 3 shows the different communication styles and organization practices for addressing uncertainty and ambiguity. 23 Sensemaking theory suggests that a balanced approach to information processing is needed to foster interdisciplinary interactions such that both high amounts of numeric data via less personal media is received as well as high amounts of face-toface time via more personal media.
The importance of several active and adaptive organizational concepts is also woven through much of the literature on sensemaking. Concepts such as improvisation, flexibility, updating, and continual input to keep what you have obtained within the organization are repeated in several papers (Blatt, et al., 19 Maitlis, et al., 24 Weick and Roberts 25 , Schulman, 26 Pye 22 and others). The disintegrative nature of other key organizational properties, such as attention, close coordination, and mutual trust, is often noted. 27 Starbuck and Nystrom, summarize by stating: "A well-designed organization is not a stable solution to achieve, but a developmental process to keep active." 28 From an organizational perspective, progressing from multidisciplinary R&D (where there is a presence of multiple disciplines) to interdisciplinary R&D (where the disciplines begin to amalgamate) may begin with meetings of multiple disciplines but it continues to progress and sustain itself with active engagement between the participants to integrate their work. Further, the participants will likely need to be flexible in their use of labels and will need to improvise solutions to newly defined, and ill-defined, problems that exist between the disciplines.
Concepts of improvisation and flexibility are also central to research on high reliability organizations (HROs) -a genre of research with foundations in sensemaking theory. Work by Sutcliffe and Weick on HROs suggests that adaptively organizing for increasingly complex environments is necessary, as opposed to using static organizational structures. 29 Their work focuses on organizations that operate in high-risk scenarios such as aircraft carrier operations, air traffic control, and fire fighting. Sutcliffe identifies the following characteristics of HROs:
--Operate in an unforgiving social and political environment, --Use complex processes to manage complex technologies (the potential exists for surprises and adverse consequences), --Have limited opportunities for learning through experimentation, and --Have widespread accountability with sanctions for substandard performance. 30 Roberts also notes that another key characteristic of HROs is "extreme interdependence," and that "HROs are characterized by both advanced technology (requiring specialist understanding) and high degrees of interdependence (requiring generalist understanding). 31 Though R&D and operations are two very different facets for LaCES, Sutcliffe's summary of the characteristics of HROs (which operate some LaCES) is largely appropriate for organizations that research, develop, and design LaCES as well. As Schulman, 2004, points out "these systems due their complexity are formally underdetermined; that is, they are capable of assuming more conditions or system states than can be planned for or anticipated in formal designs [and R&D] . This means they have the capacity to confront managers [and researchers] with problems of high variety and significant novelty" (emphasis added). Another example where R&D of LaCES mirrors HROs is in the area of large-scale testing and evaluation, where "the consequences and costs associated with major failures in some technical operations are greater than the value of the lessons learned from them." 32 Further, this results in "an organizational process colored by efforts to engage in trials without errors, lest the next error be the last trial." 32 The research on HROs and their similarities to the present study suggests a necessary tension in interdisciplinary interactions in LaCES. This tension implies there should be a continual appreciation of the persistent uncertainties and ambiguities that exist (a pessimistic attitude about failure) while assiduously seeking ways to illuminate them (adapting roles, forging new communication paths, and improvising on the spot).
Another aspect of sensemaking theory that is relevant to interdisciplinary interactions is the concept of "interrelating" that is discussed in Weick's research on "collective mind." 25, 29 This work addresses the cognitive processes of a group that must heedfully work together to achieve a solution, and hence, provides a useful organizational perspective concerning the collective nature of interdisciplinary R&D. Just as in R&D of LaCES, there is a "transindividual quality of collective mind. Portions of the envisaged system are known to all, but all of it is known to none." 25 The organizational perspective of collective mind focuses attention more on active processes (or how things are being done) over an outcome (or what things are done). For example, Weick portrays "collective mind in terms of method rather than content, structuring rather than structure, connecting rather than connections. Interrelations are not given but are constructed and reconstructed continually by individuals (Blumer, 1969: 110) through ongoing activities of contributing, representing, and subordinating." 25 This perspective suggested a focus on the processes of interdisciplinary interactions as well as the products of these interactions.
In conceptualizing the collective mind, Weick notes that there is "little room for heroic, autonomous individuals. A well-developed organization mind, capable of reliable performance is thoroughly social. It is built of ongoing interrelating and dense interrelations. Thus, interpersonal skills are not a luxury in high-reliability systems. They are a necessity." Thus, from an organizational view, interdisciplinary interactions may be built on similar "ongoing interrelating and dense interrelations," which ties to the diverse information processing needs mentioned earlier.
Other requisite skills are defined in the concept of collective mind that may relate to skills needed for interdisciplinary interactions: "narrative skills (Bruner, 1986; Weick and Browning, 1986; Orr, 1990 ) are important for collective mind because stories organize know-how, tacit knowledge, nuance, sequence, multiple causation, means-end relations, and consequences into a memorable plot." 25 The organizational perspectives on interdisciplinary interactions from sensemaking theory is combined with engineering perspectives from practitioners (and the authors) in the current work to gain more insights into problems and promise of interdisciplinary interactions during R&D of LaCES. The research method included blending theory and preliminary empirical data in a qualitative approach.
B. Research methodology
In order "to describe and conceptualize the variety that exists within the subject under study" 33 surveys with experts in LaCES were conducted. Inductive qualitative analysis of the data is being used, drawing heavily from American Institute of Aeronautics and Astronautics 6 grounded theory and constant comparative methods. There are a large number of references that describe these methods, for example, references 33 through 39 . Though commonplace in the social sciences, qualitative methods are less frequently used in the field of engineering. In some sense, qualitative analysis further defines the many facets of a problem before attempting to solve it quantitatively. "The broad purpose of qualitative research is to understand more about the human perspectives and provide a detailed description of a given event or phenomenon" 34 and "for understanding the world from the perspective of those studied (i.e., the informants); and for examining and articulating processes." 39 As such, qualitative research is sensitive to context and takes a holistic perspective that includes the social, historical, and temporal contexts. 34 In qualitative research, the researcher is inherently a part of the research and its interpretive findings. For this study, the knowledge and experience of the lead author in aerospace R&D (20+ years) is significant, as it represents an insider perspective on the subject of study. "Insider research refers to when researchers conduct research with populations of which they are also members (Kanuha, 2000) so that the researcher shares an identity, language, and experiential base with the study participants (Asselin, 2003)," 40 (see also reference 41 ). One study notes: "As is clear, there are costs and benefits to be weighed regarding the insider versus outsider status of the researcher. Being an insider might raise issues of undue influence of the researcher's perspective, but being an outsider does not create immunity to the influence of personal perspective. Furthermore, although there might be caveats to being a member of the group studied, for many access to the group would not be possible if the researcher was not a member of that group. The positive and negative elements of each must therefore be carefully assessed." 40 For the current study, personal experience was critical in gaining access to data and understanding nuances of meaning. To reduce experimenter bias, peer examination (from those within and outside of aerospace) was used to cross check interpretations. Member checking was also utilized by obtaining feedback on the findings from study participants. Triangulation is also inherent in the research design by collecting data from multiple forms (surveys, interviews, and ethnography) and using multiple organizational theories. As noted previously, the current report focuses on preliminary analysis of a survey together with sensemaking theory.
The written survey was conducted at the NSF/NASA Workshop on Large-Scale Complex Engineered Systems, From Research to Product Realization. 5 The goal of this survey was to provide an assessment of current perspectives regarding interdisciplinary interactions during R&D of LaCES. The senior leaders and researchers invited to participate in the workshop provided a convenience sample of a rare participant pool. The 62 survey respondents represented a wide variety of backgrounds and extensive experience in engineering, including practicing researchers, project leaders, systems engineers, and senior executives in industry and government, as well as leading academic researchers in engineering design, organization science, optimization, and economics. The respondents (most of whom did not know each other) also represented a wide variety of organizations from different government agencies, corporations, and universities. The sample size is significant considering the difficulty of garnering responses from a multidisciplinary group of LaCES experts from different organizations. While these participants are selected based on their prior experience with R&D for LaCES, there was no intent to claim a representative sample of engineers for this study. Rather, this group was selected because they are in the position, based on their personal experience, to provide their perceptions of R&D within LaCES.
The survey was designed to include simple instructions for obtaining short, written answers to seven open-ended questions. The written instructions printed on each survey were: "Please consider your first-hand experiences with research in large-scale, complex engineering systems." These instructions were followed by seven questions:
1 The participants completed the survey on site within a 30 minute window. The responses received provided participants' insight into current interdisciplinary interactions practices in R&D for LaCES. Conducting the survey at a workshop focused on LaCES also ensured that the responses were sensitive to this context. Understanding the nuances and other characteristics of the LaCES domain proved vital to properly interpreting the responses received. The participants reported a wide variety of experiences with LaCES throughout their careers. For example, some responses were brief, noting that interdisciplinary interactions enable "fewer surprises" or were "time consuming." American Institute of Aeronautics and Astronautics
7
Other responses were more elaborate such as: "Interactions between disciplines develop perspective within each discipline to respect the issues and potential repercussions of decisions;" and, "It takes time to sort out differences in language, areas of common interest, and to develop mutual respect and appreciation for what each brings to the table." In analyzing the data from the survey, repetitions, similarities, and differences of concepts were considered, being mindful of each individual respondent's answers as a whole.
III. Preliminary Analysis
The size, geographic dispersion, and immensity of the engineered system create both needs and challenges for interdisciplinary interactions in the research and development of LaCES. The blending of numerous technical disciplines is well developed in MDO methods today, where models from different disciplines are integrated into a rigorous mathematical system framework. As aforementioned, the current study delves into the interdependence of the disciplines and the associated interactive practices between the researchers and the implications for the greater organization. The dotted lines in Figure 4 depict the focus of the current work.
While most of the responses to the questions were multi-faceted, the responses considering the importance of these interactions were overwhelmingly (and surprisingly) consistent among nearly all respondents. The responses noted that interdisciplinary interactions were of high importance with most respondents using strong descriptors such as "essential, critical, very, extremely." The consistency of responses suggests that a high value is placed on interdisciplinarity in the R&D of LaCES. At the same time, the responses indicated significant challenges in implementation. Remarkably, the vast majority of noted challenges in implementation were not directly related to engineering or mechanical issues. Rather, problems related to organizational and human dynamics and time were mostly commonly noted. From a closer examination of the engineered system, its related human and organizational system, and the survey responses, several themes emerged. For the present discussion and preliminary analysis, two of the over-arching themes from the survey responses will be examined. These are related to efforts toward collective knowledge and organizational structure. These themes are closely coupled as is discussed below.
A. Efforts Towards Collective Knowledge
The responses concerning the benefits of interdisciplinarity interactions in R&D focused on innovation and creativity; learning and improved system understanding; and problem mitigation. These benefits appear to be linked. For example, the "broader understanding, shared knowledge, emerging thoughts" noted in some of the responses provide the additional awareness needed to enable innovation and mitigate problems by reducing "'downstream surprises' of 'emergent behaviors' from un-modeled interactions," noted by another respondent. Innovation and creativity was noted by many respondents that cited opportunities for "new technical solutions," "unforeseen capabilities," and "diversity of thought." The benefit of learning and improved understanding was articulated by survey respondents as: "recognizing trades and impacts that cross discipline boundaries;" "better view and perspective;" "understanding the multiple domain problems;" "discovery learning;" and "understanding of the true interfaces."
A key characteristic of LaCES is the often-unknown number of interdependencies within the system or couplings. Although the vast majority of these couplings are well understood, tested, and documented, comprehensive awareness and understanding of all interactions within the system is not feasible for larger complex engineered systems. Correspondingly, exhaustive understanding of all facets of the system is beyond the comprehension of any one individual or small team. Rather, exhaustive understanding of the system is held by the collective knowledge of the organization as a whole rather than by a group of senior leaders. This collective organizational knowledge is both explicit (and usually documented), as well as tacit, and transmitted through less formal and undocumented means, if at all.
The inherently social nature of both tacit knowledge sharing and developing a collective organizational mind that strives to "see" the greater system gives rise to the most commonly referenced topic in the survey responses: namely communication challenges. Respondents noted repeated challenges related to language, terminology, and vocabulary when interacting across disciplines. Sample responses cited by several respondents included: "disparate levels of understanding of other disciplines;" "misunderstanding between people of different backgrounds with different terminology;" "break down in communication;" and, "communication barriers." Communication challenges are These responses appear to correlate with the need for narrative skills in grasping for a collective perspective on the system. Research on the development of a collective mind notes that: "narrative skills (Bruner, 1986; Weick and Browning, 1986; Orr, 1990) are important for collective mind because stories organize know-how, tacit knowledge, nuance, sequence, multiple causation, means-end relations, and consequences into a memorable plot." 25 Such narrative skills foster a reduction in confusion and disorder by providing clarifications, values, and priorities. As noted in sensemaking theory, these challenges are tied to issues related to ambiguity where one is faced with a lack of clarity and multiple meanings for the data at hand. To address ambiguity, communication must become increasingly interpersonal, as depicted in Figure 3 .
Correspondingly, survey respondents indicate that interdisciplinary interactions were encouraged when there were opportunities to build "working level relationships" such as "informal outings." One respondent noted: "opportunity for informal interception to build trust, respect for other colleagues." Many in the survey reiterated the need for respect and trust to encourage interdisciplinary interactions.
In aggregate, the responses relating to gaining a better system understanding, reducing confusion, diversity of thought, trust, respect, and building relationships indicate efforts toward developing a collective organizational mind, where these characteristics are common. As noted in the sensemaking literature, these organizational characteristics also enable the reliability of the engineered system to increase. Studies of organizations that successfully and reliably operate high-risk systems such as LaCES show that these organizations tend toward a collective mind, and what is referred to as "heedful interrelating" within the organization. If interdiscipline interactions are driven by a need to interrelate as suggested by best practices in the sensemaking literature then:
• Ambiguity must be addressed in addition to uncertainty;
• Tacit knowledge in addition to explicit knowledge;
• The social construction of knowledge in addition to the numerical construction of a system model;
• The organizational implementation of interdisciplinary approaches in addition to the mathematical implementation of multidisciplinary approaches; and • Sensemaking in addition to decision making. This collective view also suggests that, in some sense, an interdependent R&D organization necessarily must function closer to that of a symphony (or a living organism) of many diverse but intertwined, interdependent parts − rather than an assembly line (or mosaic) of diverse but joined, independent parts. The former is the hallmark of complex systems, where the system is not reducible to the sum of its parts.
The "thoroughly social" nature of a well-developed collective mind was a theme that appeared throughout the majority of survey responses. Some examples of social characterizations include: "tolerance," "openness," "group think," "disinterested teammates," "mixing groups," "team member familiarity," "conflicting objectives and preference," "mitigating discipline biases," "ideological arguments," and "cultural attitude." The latter response ("culture") was noted repeatedly in the context of both individuals and organizations. Culture was often noted as a means of fostering as well as impeding interdisciplinary interactions.
Other obstacles impeding interdisciplinarity and related collective knowledge development related to emotion, including several, very descriptive single word responses such as "fear," "ignorance," "tribalism," "arrogance," "elitism," and "pride." Some of these responses suggest a defensive reaction in interdisciplinary interactions. Another theme from the responses about the negatives of interdisciplinary interactions was a tension between the desire to avoid reducing the focus of single-discipline research and to avoid the dominance of any single discipline. The "turf battles" noted by one respondent may be a source of interference for interdisciplinary interactions and related collective mind development, the latter of which is fundamentally "tied together by trust."
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C. Organizational Structure
As departments and specialty areas interact, coordination and communication becomes increasingly challenging, particularly given the strongly hierarchical organizational styles of most LaCES organizations. As with the development of many complex systems, the research, development, and design processes are often organized by a decomposition of the system into smaller, simpler, and more manageable sub-systems. These sub-systems may be functional decompositions of the engineered system, such as wing, engine, etc., or they may be disciplinary such as aerodynamics, structures, etc., or any number of other groups. These decompositions are employed by the systems engineering and MDO communities to frame the system development processes.
However, regardless of the method of decomposition used, each "cut" in decomposition creates boundaries between departments, disciplines, requirements, mathematical models, assumptions, knowledge domains, incentives, and other factors. Knowledge management across boundaries is a known problem in the organizational science literature. One example reference is the work by Carlile whose work integrates three different perspectives on boundaries: knowledge as "a thing to store and retrieve," "the importance of a common meaning to share knowledge between actors," and "how different interests impede knowledge sharing." Carlile further explores the "negative consequences of the path-dependent nature of knowledge" in settings where innovation is desired. 42, 43 Historically, connections between sub-systems or elements of a large complex system are data driven using extensive documentation, MDO methods, and design methods such as quality function deployment. 44 Organizationally, cross-department connections are generally made through a hierarchical construct of research and design reviews and other forums where diverse teams are encouraged to assemble. Several survey respondents noted that opportunities such as these cross-discipline events (as well as workshops) assist in encouraging interdisciplinarity in R&D.
In the survey, organizational structure, processes and incentives also ranked as dominant enablers for interdiscipline interactions in R&D. Suggested organizational structures that were enablers included "integrative teams" such as integrated product teams and structures that were not "stove piped" or "discipline-based." Pointedly, negative correlations of these topics were also mentioned as dominant obstacles. Suggested obstacles related to organizational structure also centered on restrictions resulting from the common functional or discipline based structure of R&D organizations in LaCES. The survey respondents often mentioned addressing the organizational "isolation," and "distance" by fostering "co-location."
To illustrate these points, a simple analogy is employed. Consider the following system challenge: Conduct research on (or design) a lamp. The organization doing the work may set up a typical hierarchical organization (depicted in Figure 5 ) where a company senior executive is responsible for the overall effort at the system level, which for this simple analogy is a lamp. The next level of the organization is arranged by parts of the lamp (shade, bulb, stem, and base). Each suborganization is headed by a respective "part director." Each "part" organization is comprised of a group of engineers and scientists that address each aspect of the lamp development as organized. Within each part group, R&D is conducted and technology advancements made. For example, improved filaments come from the bulb group and enhanced shade materials are developed by the shade group, etc.
Yet, consider that one of the high performing system solutions uses an illuminating shade, exclusive of a separate bulb, or, an illuminating stem, exclusive of a separate bulb (depicted in Figure 6 ). Attaining this unconventional concept, or others that do not naturally derive from the traditional discipline experience, is extremely difficult or impossible given the organization defined. In this example, the organization serves as a constraint on the final system development. Hence, the organization can dictate the form of the resulting engineered system and limit the types of system designs created. In a sense, this situation corresponds to the still elusive general problem in design: While we excel at refining and optimizing existing configurations (or system topologies), we have very few good ways to create new configurations or topologies -almost always relying on human creativity (frequently cited as a key benefit of interdisciplinary interactions).
To address this problem, specific organizational strategies have been created and widely applied, such as: 1) Increasing the interaction of the "part directors;" 2) Hiring a systems engineer or optimization specialist; 3) Further decomposing the parts of the lamp and increasing the detail with which the requirements or objectives are stated; and, 4) Requesting that all scientists and engineers document their findings on a knowledge management database. Each of these strategies may provide important improvements. Several respondents in the survey noted experiences related to Strategy 1 above, saying that it was important to have leadership and management model the desired interdisciplinary interactions for their teams. Only two respondents mentioned Strategy 2. No respondents mentioned the other two strategies (3 and 4) . Implementing any these strategies (and possibly others) without further complementary actions, such as addressing the communication challenges, will likely fall short of addressing the social or human connectivity needed to drive the organization toward an unconventional solution. Interdisciplinary interactions are often augmentative rather than exclusive to existing engineering practices; and, they are not automatic.
The lamp analogy also illustrates how the engineered system concept is a function of the organizational structure and practices, and vice versa. The engineered system is also a function of the initial problem formulation, which is often accepted as given rather than researched or designed. In the example provided, the challenge may have alternatively been stated: "Illuminate the room." In addition, even with the simplest engineered systems (e.g., a lamp), systematically linking together well-known components may not achieve the system configuration or performance desired, regardless of the quality of work on the components. Many researchers state that most innovation happens at the boundaries between disciplines or specializations (e.g., ref 45 ). In examining innovative design companies, studies have pointed out that these companies necessarily adopt adaptive organizational styles. 7 Innovation is challenging within highly structured bureaucratic organizations, which are common in LaCES R&D. For example, Anconda discusses the distributed leadership styles of several companies with a more flexible yet organized leadership style that fosters creativity. 46 Quinn describes the adaptive organizational styles in companies as a "competing values framework," where different organizational styles are needed for different outcomes. Specifically, bureaucracy is needed for control, and adhocracy for learning and innovation, for example. 47 As noted earlier, adaptively organizing is also tied to increasing the reliability in high risk and complex environments in systems such as LaCES. In HROs, improvisation and flexibility are critical for the organization and its related roles and interactions due to the dynamic nature of complex engineered systems. Roe and Schulman report that "reliability is not the outcome of organizational invariance, but, quite the contrary, results from a continuous management of fluctuations both in job performance and in overall departmental interaction. It is the containment of these fluctuations, rather than their elimination, that promotes overall reliability." 27 Hence, several researchers suggest that HROs should emphasize organizing rather than organization. One may argue that the vast majority of organizations that do LSCES R&D emphasize a static organization rather than adaptive organizing. Organizations are largely fixed; R&D engineers generally remain in one part of the organization for most of their careers. In fact, employees often meet organizational change with reluctance and even dread; and, managers often meet organizational flexibility with sincere concern.
IV. Discussion
The survey responses clearly indicate that interdisciplinary interactions are very important. Noted benefits of innovation and creativity, broader system awareness, learning, and problem mitigation are substantial contributors to improving the development, design, and performance of engineered systems as well as potentially reducing costs and time. Given that LaCES are costly, take years to complete, and operate under extreme conditions, these benefits are quite significant. However, it is interesting to note that each of these benefits is realized in the longer term. Responses related to short term benefits of interdisciplinary interactions were very minimal. The significant obstacles in implementation mentioned suggest that the path toward enabling interdisciplinary interactions is challenging and deeply multi-faceted (with no quick fixes). Communication challenges must be addressed, office locations connected, cultures must be altered, confusion reduced, incentives recast, timelines and tasks reconsidered, emotions heard, organizational structures adapted, and leadership rethought.
Based on the survey, the importance and benefits of interdisciplinary interactions in developing large-scale systems is evident. However, given the challenges of implementation, the next questions may be: When are they important, to what extent, and, how do we implement them? Common approaches today in LaCES organizations seem to focus on improving software tools and simulation models and adding or revising oversight, requirements, or documentation. Notwithstanding, the survey responses and the social science literature resoundingly suggest alternative and augmentative approaches that address the social and organizational challenges to enable effective interdisciplinary interactions.
As engineered systems have continued to grow in cost, development time, technical risk, societal reliance, and connection with other systems, there is a need to further expand our approaches to more aptly address the growing challenges. These challenges include non-engineering factors that may heavily influence, and even constrain, the design and performance of the engineered system. The human system in the organization seems to steer the engineered system. Our preliminary analysis also suggests that enabling successful interdisciplinary interactions requires interdisciplinary problem formulation and solutions. These may include researching, developing, and designing the engineered system as well as the teams, organizational structures and processes, incentives, jobs, office spaces, training, and other aspects of the greater "system." Questions remain regarding which of these organizational aspects offer the most benefit for a particular system design effort as well as when to design them, to what extent, and how to implement these changes within an existing large organization.
To explore one example of designing a potential new organizational role to foster interdisciplinary interactions, let us reconsider the lamp analogy depicted earlier. One approach toward fostering connections that may lead to the innovative solutions suggested may be establishing and then facilitating regular interactions between the engineers with deep discipline knowledge in each lamp part group. This would require inner-connectivity at lower levels in the hierarchy (whereas a hierarchy typically promotes inner-connectivity mostly at the higher levels). Though simple in concept, implementation of this approach has several considerations. As noted in the research on HROs, deep specialist knowledge is required as well as generalist knowledge in organizations that work with high-risk systems. While deep specialty knowledge is vital for LaCES, weaving together the deep knowledge bases is also vital. Achieving this balance will largely entail carefully "horizontally weaving" through existing hierarchical organizations (where communication paths are largely vertical in the hierarchy). This approach seeks not to eliminate deep discipline knowledge but to interrelate it, which may help to more fully capitalize on specialty knowledge. Achieving this balance may also address the single-discipline tension noted in the survey responses (avoiding loss of single-discipline focus while avoiding single-discipline dominance).
Further exploring the potential task of a "horizontal weaver" suggests that such a role would require using engineering skills honed in more than one area (structures, controls, propulsion, etc.), as well as social science skills honed in more than one area (negotiation, story-telling, motivation, building positive social capital, network science, etc.). The hypothetical work of the "horizontal weaver" is necessarily beyond organizational "glue," for it would require addressing the considerations for sensemaking and developing a collective organizational mind such as: reducing ambiguity, developing relationships built on trust and respect, and welcoming diversity of thought.
As a starting point, the "horizontal weaving" role would need to serve as an ongoing forcing function in the organization since steady state is a naïve assumption in organizational dynamics. This forcing function would need to enable synergistic knowledge sharing that connects tacit knowledge, ideas, language, assumptions, and preferences across organizational and knowledge boundaries. These "horizontal weavers" likely will need to create and facilitate dynamic and iterative communication pathways where necessary. Other literature refers to comparable organizational roles and skills, such as: 1) the "connectors, mavens, and salesmen" described in Gladwell's The Tipping Point; 48 2) the "energizers" described in POS literature by Baker; 49,50 and 3) the highly desired "deep generalists" described by McMasters of Boeing. 51, 52 Designing new job descriptions and incentives may also be necessary. For example, employees not hired exclusively to be an expert in one area, but to use their expertise to work with other disciplines to enable a systems solution. In this latter scenario, career advancement is not contingent upon one's progression in their discipline expertise alone but also, or instead, career advancement could hinge on one's ability to heedfully interrelate with other disciplines − a thoroughly social endeavor, as noted in the sensemaking literature. This effort would entail augmenting traditional MDO and systems analysis efforts to include addressing many of the human and organizational challenges noted. Whereas the necessity of interpersonal and narrative skills for higher-ranking individuals in organizations is well established, pushing this necessity to lower levels in the organization is paramount for aptly enabling interdisciplinary interactions.
Further studies that explore other aspects of organization science will likely yield additional understanding and recommendations for LaCES. Future efforts in the current research will examine additional data from the survey and responses from interviews with practicing R&D engineers in LaCES. In addition, future work will encompass other genres of organizational science literature such as positive organizational scholarship (POS) and social network analysis.
V. Conclusion
As the practice of engineering continues to develop increasingly larger, more expansive, and interconnected systems that provide critical capabilities, understanding how immense teams of individuals interface to connect engineering interfaces in a system concept has become central to producing an advanced LaCES on schedule, within budget, and with the precise engineering performance required. The coupling between the engineered system and its human organization is rarely adequately appreciated. The current study explored interdisciplinary interactions in R&D striving toward a more holistic perspective that incorporated the engineering and organization coupling. This approach was adopted to better understand how to more effectively harness the collective wisdom of the engineers and scientists that research and develop LaCES to foster greater innovation and performance in the engineered system while reducing the cost and time of development. This paper provided preliminary analysis of some of the challenges and opportunities in enabling interdisciplinary interactions in LaCES R&D using an organizational perspective based on sensemaking theory and qualitative analysis of data from a survey given to LaCES experts. Our preliminary analysis indicated that interdisciplinary interactions might be highly valued and offered benefits such as innovation and problem mitigation. However, implementation challenges focused on organizational and human dynamics such as communication difficulties and organizational structure and culture. These challenges also present areas for improvements where aspects of the organization may be proactively designed with the engineered system in mind. Our analysis also indicated that interdisciplinary interactions may foster efforts toward building collective knowledge in an organization. Elements of the coupling between the organization structure and engineering practice was also discussed noting that the former may constrain the latter.
Fundamentally, this preliminary analysis shows that enabling interdisciplinary interactions in LaCES R&D warrants an interdisciplinary approach (engineering and social science) that augments traditional multidisciplinary approaches to address the integration of people and their ideas as well as the integration of engineering constructs such as computer models.
